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ABSTRACT
We report the discovery with the Keck telescope of two new multiply-imaged arcs in
the luminous X-ray cluster A2219 (z = 0:225). The brighter arc in the eld is red and
we use spectroscopic and photometric information to identify it as a z  1 moderately
star-forming system. The brightness of this arc implies that it is formed from two
merging images of the background source, and we identify possible candidates for the
third image of this source. The second giant arc in this cluster is blue, and while
fainter than the red arc it has a similarly large angular extent (32 arcsec). This arc
comprises three images of a single nucleated source { the relative parities of the three
images are discernible in our best resolution images. The presence of several bright
multiply imaged arcs in a single cluster allows detailed modelling of the cluster mass
distribution, especially when redshift information is available. We present a lensing
model of the cluster which explains the properties of the various arcs, and we contrast
this model with the optical and X-ray information available on the cluster. We uncover
signicant dierences between the distributions of mass and X-ray gas in the cluster.
We suggest that such discrepancies may indicate an on-going merger event in the cluster
core, possibly associated with a group around the second brightest cluster member. The
preponderance of similar merger signatures in a large fraction of the moderate redshift
clusters would indicate their dynamical immaturity.
Key words: cosmology: observations { clusters: galaxies: evolution { galaxies: forma-
tion { galaxies: photometry { gravitational lensing.
1 INTRODUCTION
Giant gravitational arcs are highly distorted images of dis-
tant eld galaxies, formed by the strongly peaked mass con-
centrations in the centres of rich clusters. They can thus
be employed to probe the distribution and amount of mass
in rich clusters. The most useful lensed features for this
sort of study are the multiply-imaged giant arcs and the
new class of multiply-imaged pairs (Kneib et al. 1993, Smail
et al. 1995a). The distinctive morphologies of these features
?
Based on observations obtained at both the W.M. Keck Ob-
servatory, which is operated jointly by the California Institute of
Technology and the University of California, and from the Hale
Telescope of the Palomar Observatory.
y
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make them easy to identify and the positions and relative
magnications of the various images can provide a fairly de-
tailed view of the distribution of mass in the cluster core.
In particular constraints can be derived on the shape and
extent of the mass distribution in the cluster core.
In contrast to these strongly lensed features, individual
weakly distorted arclets provide limited information about
the cluster core (Kochanek 1990) and are signicantly harder
to recognise, especially in shallow exposures, resulting in
more misidentications (e.g. the \arcs" in Q0957+561 and
MS1455+22). Nevertheless, if a sucient number of these
weakly distorted background images are available they can
be employed in statistical tests (Kaiser & Squires 1993, Bon-
net & Mellier 1994) to reconstruct a map of the projected
mass distribution in the cluster on larger scales than that
probed by the giant arcs (e.g. Bonnet et al. 1994, Fahlman
et al. 1994, Smail et al.
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There is considerable interest in studying the mass
distributions of rich clusters, primarily to understand the
growth and evolution of structure in the universe. This in-
terest has recently increased with the discovery of a surpris-
ingly rapid decline in the number density of luminous X-ray
clusters beyond z  0:2 (Edge et al. 1990, Henry et al. 1992,
Bower et al. 1994). This is widely assumed to result from
hierarchical growth of clusters through mergers, although
there are diculties in recreating even the gross features
of the observations using simple hierarchical cosmological
models (e.g. Kaiser 1991). The bulk of the X-ray emission in
these luminous clusters occurs within
<

500 kpc of the clus-
ter centre.
z
Thus to understand the role of cluster growth
and mergers in the X-ray evolution we need to study the
mass distribution on similar scales. The giant arcs provide
an unique probe of the central regions of rich clusters which
can be compared with the results from X-ray imaging to
give a clearer view of the evolution of rich clusters.
Comparisons of lensing and X-ray results have already
provided some intriguing results on the relative distributions
of light and mass in the very centres of rich clusters (
<

200
kpc). Hammer & Rigaut (1989) pointed out that the prop-
erties of known giant arcs were dicult to reconcile with
the mass distributions of rich clusters, as predicted from lo-
cal X-ray studies. The X-ray observations indicated fairly
large core radii in the mass (r
c
 250 kpc), while the nar-
row widths of the giant arcs were most easily explained if
the mass was very centrally concentrated (r
c
<

50{100 kpc).
This argument relied upon the assumption that the back-
ground sources have scales sizes typical of local bright galax-
ies. Nevertheless, more general arguments using the high
curvature of the majority of giant arcs give a similar con-
clusion (Miralda-Escude 1993). Most of the detailed lensing
models of rich clusters performed to date conrm the lat-
ter result and give values of the mass core radius of r
c
<

100
kpc. Indeed, where a radial arc is present (MS2137 23, Mel-
lier et al. 1993; A370, Smail et al. 1995c) the identication of
the core radius is unambiguous. Tellingly, both these clusters
have core radii of r
c
 50 kpc.
In this communication we present the discovery with the
10-mKeck telescope of twomultiply-imaged giant arcs in the
luminous X-ray cluster A2219. Section 2 details the results
from our imaging and spectroscopic observations. In section
3 we discuss our modelling of the various lensed features in
the cluster. Finally, in section 4 we contrast the results of
our modelling with the distributions of the baryonic tracers
in the cluster and give our main conclusions.
2 OBSERVATIONS
Abell 2219 is a luminous X-ray cluster at z = 0:225 (Allen
et al. 1992). The cluster is part of a sample of the most lu-
minous northern X-ray clusters in the redshift range 0.2<
z <0.3 selected from the ROSAT All Sky Survey. This sam-
ple is being used as the basis of an extensive X-ray and
z
We take H

= 50 kms/sec/Mpc and q

= 0:5 unless otherwise
stated. In this cosmology 1 arcsec corresponds to 4.58 kpc at
z = 0:225.
optical study of the evolution of rich clusters at moderate
redshifts (Edge et al. 1995, Smail & Edge 1995).
2.1 Imaging Observations
The discovery image of the arcs in A2219 was acquired in
mediocre observing conditions (seeing 1.2-1.5 arcsec) during
the night of April 12-13 1994 using the LowResolution Imag-
ing Spectrograph in imaging mode (LRIS, Oke et al. 1995)
on the 10-m Keck telescope on Mauna Kea, Hawaii. LRIS
is designed as a double-armed (red & blue) imaging spec-
trograph with a 68 arcmin eld of view, low to moder-
ate spectral resolution and good spatial sampling (0.22 arc-
sec/pixel). Subsequently, a number of additional exposures
in UBV I of the cluster were taken with the COSMIC imag-
ing spectrograph (Dressler et al. 1995) on the 5-m Hale tele-
scope at Palomar during the nights of June 9-12 1994 and
July 5-6 1994. Normal IRAF reduction procedures were used
to process both the object frames and standards. The nal
stacked images comprise 3.7 ksec in U with 1.6 arcsec see-
ing, 1.25 ksec in B in 1.3 arcsec seeing, 1.0 ksec in V in
1.0 arcsec seeing and 0.5 ksec in I with 1.2 arcsec seeing.
The 1 surface brightness limits are: 
U
= 27:8, 
B
= 28:4,

V
= 27:6 and 
I
= 25:9. The galactic extinction towards
A2219 is A
B
= 0:0 and so no reddening corrections have
been applied.
2.1.1 The Cluster Galaxies
We show in Figure 1 the I band exposure of the cluster
centre. The cluster is easily seen as an elongated structure,
whose centre is dominated by a giant cD galaxy (z = 0:225,
Allen et al. 1992) with a stellar envelope extending to radii
of at least 150 kpc. The central region of the cluster is ex-
tremely rich, with 24 galaxies discernible within 100 kpc of
the cD. The total integrated luminosity within this radius is
L
V
 1:1 10
12
L

. A secondary concentration of galaxies is
visible around the second brightest cluster member (AEF-2,
z = 0:2344, Allen et al. 1992) at a projected radius of 230
kpc from the cD with a position angle of  = 237 degrees.
Diuse light apparently connects this sub-clump with the
envelope of the central cluster galaxy (Figure 2), although
there is a cz  2300 km/sec velocity oset between the
two components (Allen et al. 1992).
From our multi-colour photometry we can select galax-
ies with colours similar to those expected for a spheroidal
system at z  0:23 (Figure 3) to estimate the optical richness
of the cluster. There are 49 galaxies within 500 kpc of the
cD with magnitudes in the range [m
3
,m
3
+ 2] giving A2219
an optical richness comparable to Coma (Metcalfe 1983).
Fitting a modied Hubble Law to the radial distribution of
cluster members we derive a core radius of r
c
 220
+120
 140
kpc.
The distribution of colour-selected cluster members is cen-
tred on the cD with an elliptical distribution, position angle
 = 702 degrees, close to the orientation of the major axis
of the cD's envelope.
2.1.2 The Candidate Arcs
Two arc-like structures are clearly visible around the
central cluster galaxy in Figure 2. The longer, fainter arc
(L) lies to the west of the cD, while the brighter, short
arc (N
1+2
) lies to the east. L comprises three separate seg-
ments (L
1
, L
2
& L
3
) identied with a peak in the arc sur-
face brightness and with a break between each (Figure 2,
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Table 2). All three segments are either unresolved or very
marginally resolved on our best seeing V images (Table 1).
The candidate arc N
1+2
also appears to consist of two sec-
tions, although this is not so obvious. The intrinsic width of
arc N
1+2
shows it to be nearly resolved in our best seeing
images (Table 1).
To measure magnitudes for the arcs all frames were
aligned, convolved to the seeing of the worst image and then
magnitudes measured within elliptical apertures whose ma-
jor and minor diameters are listed in Table 1. The back-
ground contribution was estimated by median-interpolating
across these apertures. The two arcs L and N
1+2
have
very dierent combinations of broad-band colours (Table 1).
Both arcs have blue uv-optical colours and contrast strongly
against the cluster ellipticals in the U exposure of the clus-
ter. Their (U B) colours are in the bluest 1% of objects
in the eld at their apparent magnitudes. In contrast to
this, their optical colours are very dierent. In particular,
in (V  I) arc L is very blue, while arc N
1+2
is even redder
than the cluster ellipticals (Figure 3). Figure 3 also shows
the observed (B V ) and (V  I) colours for all galaxies in
the eld brighter than I = 23. In addition we plot the loci of
various local galaxy spectral energy distributions (SED) as
a function of redshift to indicate the variation in observed
colour from both star-formation rate and K-corrections.
All three sections of arc L share the same (U B), (B V )
and (V  I) colours supporting our assertion that they are
all images of a single background source. Combining the
three components we see that arc L has colours close to
those of a strongly star-forming galaxy (Figure 3), typical
of the highest redshift arcs (Smail et al. 1993). In contrast,
the red (V  I) colour of arc N
1+2
probably indicates that a
break exists in the galaxy's SED between the V and I bands.
Indeed, if we look at the joint (B V ){(V I) colour of N
1+2
we see it is most consistent with a moderate star-formation
SED (Scd-type) at z  1 (Figure 3), although a bluer SED
at z
>

0:6 would also t. There is no strong evidence for
colour variations within the various components of either
arc.
The brightness of arc N
1+2
indicates that it might com-
prise two merging images of a single background source. A
detailed inspection of our B and V images of the arc also
hints at bimodal structure. If N
1+2
does consist of two im-
ages then we would expect a third, fainter image of the
source to the east or north-east of the central galaxy. A
number of faint objects are seen around the bright galaxy C
in Figure 2. We used the blue (U B) and (B V ) colours
of N
1+2
, in conjunction with its red (V  I) colour, to se-
lect possible third images. The best candidate is marked as
N
3
in Figure 3 and colours are given in Table 1. The overall
shape of the object's SED is consistent with that determined
for N
1+2
and moreover the peak surface brightness of the
source is similar to that seen in N
1+2
. We feel the evidence
is convincing enough to state that N
1+2
is formed from two
merging images of a background source, with N
3
as the third
image.
2.2 Spectroscopic Observations
To verify that some of the features we observed in A2219
are indeed gravitationally lensed we have obtained a spec-
trum of the candidate arc N
1+2
with the LRIS spectrograph
on Keck. These spectra were taken on the night of August
9-10 1994 and comprise a total of 6.0 ksec integration on
N
1+2
using a long slit aligned along the major axis of arc.
The slit width was 1.0 arcsec, with the 300 line/mm grating
this gave a resolution of 2.46

A/pixel across the wavelength
range   3950|9000

A. The data was reduced, extracted
and uxed using standard FIGARO procedures. The long
slit passed through a number of serendipitous objects in ad-
dition to the N
1+2
, including the halo of the bright galaxy C
in Figure 2. This galaxy shows [Oiii]5007 and has a redshift
of z = 0:2393, cz  3500 km/sec relative to the cD.
We show the nal sky-subtracted spectrum of arc N
1+2
in Figure 4. We obtained reasonable signal to noise (s/n 5)
in the continuum of the arc given the relatively short expo-
sure time. However, we do not detect any strong emission
features in the spectral region  3950{9000

A. At the red-
der end of the spectral range this conclusion is based upon
visual inspection of the raw and sky-subtracted two dimen-
sional spectra. The absence of emission lines blueward of
6100

A, coupled with the blue uv-colours of the arc eec-
tively rules out identication of the object as either a clus-
ter member or foreground galaxy. However, a break in the
continuum is visible longward of   7500

A. To conrm
this we median ltered the spectrum using an algorithm
which rejects regions where there is strong sky emission.
This smoothed spectrum is shown in Figure 4 and conrms
the presence of a sharp upturn in the region   7600{
8000

A. Identication of this feature with the 4000

A break
yields a redshift of z  0:9{1 for the source. At this red-
shift the strongest emission line we could hope to detect
would be [Oii]3727, which would lie around   7500

A,
spanning the atmospheric A-band. We see no emission line
in the arc around this wavelength and determine a conser-
vative limit on the observed equivalent width of the line of
EW([Oii])
<

24

A. In the local population this limit on the
[Oii] emission would give the galaxy an SED similar to a
mid-type spiral (Kennicutt 1992).
Both the spectroscopic redshift of the arc and the appar-
ently modest star-formation are consistent with the redshift
range and identication based upon the broad-band colours.
We therefore conclude that the source seen as arc N
1+2
is:
(1) denitely beyond the cluster and (2) most likely a galaxy
at z  1 with modest star-formation.
2.3 X-ray Observations
Abell 2219 has an extremely high X-ray luminosity of
L
X
(0:1   2:4) = 1:8 10
45
ergs sec
 1
. A 13.4 ksec ROSAT
HRI exposure of the cluster from Edge et al. (1995) is shown
in Figure 1. The cluster emission is well detected out to 1
Mpc with a total of 2700 counts. A serendipitous point
source 5.3 arcmin east of the cluster lies within 4 arcsec of a
13
m
star, dening the pointing accuracy of the observation.
The X-ray morphology in the central regions is highly ellip-
tical (Table 4), centred close to the central cluster galaxy.
There is no observable twist to the X-ray isophotes across
the range quoted in Table 4 and no indication of emission
associated with the second brightest cluster member. There
is, however, marginal evidence for a number of faint point
sources (L
X
(0:1   2:4) = 10
42
{10
43
ergs sec
 1
) in the clus-
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ter core which may be associated with the starburst/UVX
galaxies seen there.
By assuming an isothermal temperature distribution for
the cluster gas we can deproject the X-ray image to deter-
mine the cluster mass prole, more details of this proce-
dure are given in Edge et al. (1995). The best t core ra-
dius is r
c
 310
+120
 80
kpc. The relatively shallow central
X-ray surface brightness prole suggests that there is no
strong cooling ow in this cluster. Our deprojection anal-
ysis conrms this statement, we derive a cooling ow of
:
M
= 100{300 M

=yr. This ow rate is smaller than those
determined for other highly luminous X-ray clusters, which
predict
:
M
= 500{1500 M

=yr. The central cluster galaxy
also shows no strong line emission supporting the absence
of a strong cooling ow (Allen et al. 1992).
3 MODELLING AND RESULTS
We have identied a number of gravitationally lensed fea-
tures in the central regions of the rich cluster A2219. We now
propose to model these features to study the mass distribu-
tion in the cluster and to compare this to the distribution
inferred from indirect, baryonic tracers of the cluster mass.
Our gravitational lens models consist of a smooth ellip-
tical \cluster" mass distribution centred on the cD galaxy
plus concentrated mass on those bright galaxies close to the
arc images which may inuence their locations. The cluster
is modeled with a scaled 2-dimensional potential  (x; y),
where x and y are angular coordinates increasing to the
east and north. The potential  is related to the mass by
r
2
 = 2, where r
2
is the two-dimensional Laplacian oper-
ator on the lens (x; y) plane and  is the ratio of the surface
density of the lens to the \critical surface density" for lens-
ing (e.g. Blandford & Narayan, 1992 or Schneider, Ehlers
& Falco, 1992). The high ellipticity shown by the baryonic
tracers in the cluster forces us to adopt a novel form for
the lensing potential which can adequately describe such
morphologies. We construct the cluster potential by super-
imposing potentials of the form:
 (x; y) =
b
2 2q
2q

s
2
+ (1 + 
c
)x
2
+ 2 
s
x y + (1   
c
) y
2
	
q
(1)
where b is the angular critical radius, s is the angular core
radius, 
c
and 
s
are related to the ellipticity  and posi-
tion angle  of the composite potential by 
c
=  cos 2 and

s
=  sin 2, and q is an exponent  1=2. The use of single
potentials of the form (eq. 1) leads to peanut-shaped sur-
face density contours when  > 0:2 and q = 1=2, and this
problem is more acute for smaller q or larger  (Blandford &
Kochanek, 1987; Kassiola & Kovner, 1993). Superposition
of two or more suitably chosen potentials with this form ob-
viates this problem at little numerical cost. We nd that a
superposition of an elliptical potential with q < 1=2 and a
spherical one with q = 1=2 is adequate for our purposes here.
The nal composite potential is not strictly isothermal in the
cluster centre, although it converges to an isothermal form
at large radii. The additional cluster galaxies are modeled
with point masses. We constrained all these galaxies to have
roughly the same mass-to-light ratio, except for galaxy A
(see below).
To nd a model that ts the observations, we choose
an initial set of parameters for the lens model, subject to
the constraints available from arc N , and a position, length
and orientation for the source of L on the source plane. We
then use a downhill-simplex method (Press et al. 1992) to
minimize 
2
between the observed and predicted features of
the images of L on the image plane. We dene

2
=
X
i
(O
i
 M
i
)
2

2
i
; (2)
where the O
i
are the observed quantities, the 
i
are the
associated observational errors, and the M
i
are the model
values. We use a Newton-Raphson method to locate the im-
ages of L and their lengths and orientations. In addition we
determine the ratio
 =
D
N
D
dL
D
L
D
dN
; (3)
where D
L
and D
N
are angular diameter distances from ob-
server to the sources of L and N , and D
dL
and D
dN
are
angular diameter distances from lens (deector, d) to the
sources, such that N is on a critical curve. This also pro-
vides us with a source location for N and we use Newton-
Raphson method again to locate the third image N
3
. With
liberal positional errors of 0:5
00
, we nd a range of models
that t the positions, orientations and lengths of the three
images of L and roughly reproduce the position of the extra
image N
3
.
Parameters of a typical model (the \ducial model") are
given in Table 3 and the potential contours, surface density
contours and critical curve for L are shown in Figure 5. The
uncertainties quoted in Table 3 are not formal errors but
subjective estimates of the parameter ranges among quali-
tatively similar successful models. Parameters with no un-
certainties given were not varied in our modelling.
The ducial gravitational lens model puts the sources
of L and N inside \naked cusps" (e.g. Schneider et al. 1992),
so there are three images of each source (counting N
1+2
as
a double) with no counter-arcs visible. This is not an im-
portant feature of the models, as ve-image models can be
found if the core radius is decreased. Since the core radius
is not strongly constrained, we do not rule out the eventual
discovery of counter-arcs with deep, high-resolution imag-
ing. Such a discovery would put strong constraints on the
core radius of the mass distribution, we discuss later another
approach which would constrain the core radius of the mass
distribution in the cluster core. The most signicant short-
coming of the ducial model is the predicted position of N
3
which lies  4 arcsec from the observed position. We do not
view this as a failure of the model but rather attribute it to
small scale structure in the cluster. A number of avenues are
open to us to solve this problem including more realistic in-
dividual galaxy potentials (with nite extent and individual
ellipticities) or a relaxation of the constraint that all galax-
ies have the same mass-to-light ratio, but these options open
up model space dramatically. The mass to light ratios deter-
mined for the cluster galaxies in the ducial model are eec-
tive values within the distance between a particular cluster
galaxy and the nearest segment on an arc. The median aper-
ture is then 90 kpc in diameter within which we require
a mass to light of M=L  40(M

=L

)
V
. We need a higher
mass to light around galaxy A than the remainder of the
cluster galaxies used, in order to t the position and ori-
A New Giant Arc Cluster: A2219 5
entation of L
3
. The high derived mass of galaxy A may in
fact be just compensating for the simplicity of our cluster
potential model, which does not allow for octopole or higher-
order distortions, or any breaking of mirror symmetry. Using
a more complex distribution for the cluster potential could
signicantly reduce the mass in the vicinity of galaxy A, as
well as allowing us to t N
3
.
Any model of the cluster mass will only be well con-
strained within the radii of the giant arcs. We have therefore
chosen to only quote values for the integrated mass within
this radius, where our results are robust to gross changes to
the form of the cluster prole. Our mass model then gives a
mass in a 100 kpc radius cylinder through the cluster centre
of M  1:6  10
14
M

, combined with the integrated lumi-
nosity in the same aperture we derive a mass to light ratio of
M=L  145(M

=L

)
V
, comparable to that measured using
giant arcs in other clusters (e.g. Kneib et al. 1995a). More-
over, this M=L is similar to that required in our model in
the vicinity of galaxy A and supports our contention that
mass distribution in the cluster core has complex structure
on scales of  100 kpc.
We can translate our mass estimate into a crude velocity
dispersion, , for the cluster assuming the mass distribution
is roughly isothermal. We use the redshift of arc N and its
projected radius in the cluster, b
N
in

2

c
2
D
s
4D
ds
b
N
; (4)
where D
s
and D
ds
are angular diameter distances from ob-
server to source and lens to source (in this case N). Our
ducial model then predicts   930 km/sec. As the clus-
ter is highly elliptical and arc N straddles the major axis
of the mass distribution this dispersion is likely to be an
upper limit to the true value. To date there are only red-
shifts of a few cluster members (c.f. Allen et al. 1995) and
so we are unable to determine a galaxy velocity dispersion
directly. Alternatively, if we assume a roughly isothermal
gas distribution in equilibrium with the cluster potential we
can translate our mass estimate into a prediction for the
temperature of the cluster gas giving T  7:9 KeV. ASCA
observations of this cluster have been recently obtained and
the comparison of our prediction with the observed gas tem-
perature will directly address the current controversy about
mass estimates of cluster cores from X-ray observations (e.g.
Babul & Miralda-Escude 1994).
In our ducial model the source of N is not at the same
redshift as that of L. For each model we have an associ-
ated value of , a ratio xed by the arc redshifts and world
model, so each model makes a prediction for z
L
. The du-
cial model predicts z
L
 2:0 but we nd that the prediction
is model-dependent and almost any redshift z
N
< z
L
is al-
lowed. As the predicted redshift of L depends on the world
model, in principle an exhaustive search of model space plus
a measurement of z
L
could put limits on the cosmological
parameters 
 and . However, in practice the uncertainty
in the lens modelling is likely to be much greater than the
variation due to cosmology.
4 DISCUSSION AND CONCLUSIONS
We list in Table 4 the basic morphological information on
the cluster mass from our preferred lens model. As we have
stated this model does not provide a detailed description of
all the lensed features within the cluster core. We feel, how-
ever, that it is suciently close that the gross properties of
the model must be correct. Table 4 also lists the basic mor-
phological information of the baryonic tracers in the cluster
centre: the stellar halo of the cD and the hot X-ray gas.
In the case of the X-ray gas we quote the ellipticity of the
surface brightness distribution, for an isothermal gas distri-
bution the ellipticity of the underlying mass distribution is
roughly three times this. Thus if we make the usual assump-
tions that the X-ray gas is both in hydrostatic equilibrium
and isothermal it would indicate an extremely elliptical mass
distribution.
Comparing just the mass model and the halo of the cD
we see very good agreement between the orientations and
ellipticities of these two distributions. Similar conclusions
have previously been reached for other clusters (e.g. Kneib
et al. 1995a), but in the majority of these cases it was im-
posed onto the models as a rigid constraint. The agreement
shown in A2219 is therefore more striking given the complete
freedom allowed in the mass modelling. The similarities of
the stellar envelope of the central galaxy to the mass dis-
tribution indicate that the envelope is fully relaxed in the
dark matter potential. If this is the case then the stellar
velocity dispersion in the halo must rise from its value in
the centre of the cD, probably   300{400 km/sec, to the
value determined at the radius of the arcs,   950 km/sec.
Miralda-Escude (1994) has demonstrated how the disper-
sion prole of the stellar envelope can be used to place a
lower limit on the core radius of the dominant dark matter
component in the cluster centre. It is thus possible to ob-
servationally conrm the small core radius indicated by our
lens model.
If we extrapolate the shape of the mass distribution in
the cluster centre out to slightly larger radii we can com-
pare it with the morphology of the X-ray map on similar
scales. This comparison results in a striking conclusion (Ta-
ble 4), the major axis of the X-ray gas is misaligned with
that inferred for the mass distribution (and with orienta-
tion of the number-weighted galaxy distribution on similar
scales). The deviation   13 degrees is signicantly larger
than the estimated error,  4 degrees. Taken in conjunction
with the extreme ellipticity of the X-ray gas emission and
the large inferred core radius, this indicates that the cluster
gas can not be in hydrostatic equilibrium in the cluster po-
tential. Searching for a cause of the misalignment we note
that the orientation of the major axis of the X-ray emission
lies close to the direction between the cD and the compact
group of galaxies around the second brightest cluster mem-
ber. We suggest that the cluster is suering, or has recently
undergone, a core-penetrating merger by a group of galaxies
associated with the second brightest cluster member. This
provides a natural explanation of the misalignment of the
X-ray gas with the mass distribution as the merging group
injects kinetic energy into the cluster gas along the merger
axis. The gas will relax back into equilibrium in the cluster
potential on the time scale of a few crossing times ( 1{2
Gyr). The presence of diuse light connecting the cD with
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this group supports the conjecture that the sub-clump is
physically close to the cluster core. A very simple dynamical
model using the observed velocity oset between the central
galaxy and the second brightest cluster member, cz  2300
km/sec, and our estimate for the central mass of the cluster
shows that the sub-clump is likely to be in a bound orbit
and will eventually merge with the cluster core.
The importance of the misalignment of the gas and mass
distributions is that it is a clear signature of that a merger
event has occurred within the last  1{2 Gyr (Evrard 1990).
Our ability to assign a timescale to the merger makes this
signature a more powerful probe of cluster growth than clas-
sical substructure tests (A.I. Zabludo priv. comm.). When
using the rate of occurence of spatial or velocity substruc-
ture within the cluster galaxy distribution the lifetime of any
feature depends critically on structural parameters of the
cluster and sub-clump, as well as the orbital characteristics
of the sub-clump. These additional factors complicate com-
parison of observations with theoretical models when trying
to constrain in-fall rates into clusters and thence cosmologi-
cal parameters (Richstone et al. 1992). A detailed discussion
of the role of such mergers in the evolution of distant, lumi-
nous X-ray clusters requires lensing observations of a better
dened cluster sample than currently exists. Nevertheless,
it is already apparent that merger signatures, seen as dis-
crepancies between the mass and X-ray distributions, are
relatively common features in rich, moderate redshift clus-
ters (e.g. Kneib et al. 1995, Smail et al. 1995b). Searches for
similar merger signatures in local clusters are critical for
understanding in-fall into clusters and these are already un-
derway (Zabludo & Zaritsky 1995).
Future observations of A2219 with large telescopes
should provide us with a more secure redshift for N and
also a redshift for L. With very high-resolution imaging us-
ing HST we can better locate and characterize the multiple
images, verify our association of N
3
with N
1+2
, and con-
strain model space enormously. Such imaging would also
allow a search for counter-arcs and fainter multiple-image
systems. Furthermore, HST observations of distorted back-
ground galaxies (\arclets") would put strong constraints on
the detailed form of the mass distribution in the cluster
core (Kneib et al. 1995b). Future observations of A2219 and
other similarly well-constrained lenses will quantify the role
of mergers in the growth and evolution of rich clusters.
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Figures
Figure 1: An I image of A2219 showing the distribution of
bright galaxies around the central cD (z = 0:225). Overlayed
upon this is the ROSAT HRI exposure, smoothed with a 70
kpc FWHM gaussian. This is peaked close to the cluster cD
and shows a highly elliptical morphology which is misaligned
with the stellar halo of the cD on smaller scales (Figure 2).
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A number of 3{4 point source features are visible in the
cluster centre, these may be associated with starburst/UVX
galaxies within the cluster core. North is top, East is left.
Figure 2: The combined Hale and Keck V exposure of the
central regions of the cluster. The various components of the
candidate arcs L and N are marked. The orientation is the
same as Figure 1. At the cluster redshift 1 arcsec corresponds
to 4.58 kpc.
Figure 3: (B V ){(V I) plot of all objects in an 88 arcmin
eld centred on A2219 brighter than I = 23. We also plot the
predicted colours of various local galaxy SED's as a function
of redshift from z = 0:0 (left end of track) to z = 1:2 (right
end of track), the + show dz = 0:1 increments. The two bold
points mark the integrated colours and associated errors of L
and N
1+2
. Notice, that while L has the blue colours typical
of the highest redshift arcs, N
1+2
is fairly red in (V I) and
can be quite well described by a galaxy with an SED similar
to a present-day Scd spiral at z  1.
Figure 4: The LRIS spectrum of the red arcN
1+2
in A2219.
The bottom spectrum shows the sky-subtracted and uxed
spectrum, while the upper spectrum shows the continuum
shape produced by median-ltering the spectrum with rejec-
tion of pixels dominated by strong night-sky emission. The
discontinuity in the spectral shape in the region   7700{
8100

A is easily seen and we identify this as the 4000

A break
giving a source redshift of z  1.
Figure 5: The potential contours (solid, light), critical curve
(solid, dark), and surface-density contours (dotted, light) for
the ducial model (see text and Table 3). The open squares
mark the observed positions of the peaks of the images of L,
the open circle marks the observed position of N
3
, the open
triangles mark the centers of individual galaxies included
in the model, and the derived images appear as scattered
dots (from a simple Monte-Carlo ray-tracing routine that
assumes circular sources). Notice that the predicted position
of N
3
is a few arcseconds west of the observed position. All
galaxies except A at [16:7; 6:9] have the same mass-to-light
ratio. There are several extra images of N but these are
artifacts of the point-mass model for the galaxies.
Tables
Table 1: Photometry of the candidate arcs in A2219. These
are aperture values calculated from seeing-matched images.
The aperture sizes are given in the second column of the rst
table. The second table includes deconvolved estimates for
the arc widths in addition to the peak surface brightnesses
of the various arc components. Also listed are the colours
measured for the spheroidal cluster population.
Table 2: Positions of lensed features. The positions of the
various features are measured relative to the cD galaxy on
the V image (Figure 2). The position of the cD is (2000) =
16
h
40
m
20:6
s
(2000) = 46

42
0
40
00
.
Table 3: Parameters and predictions of the ducial gravita-
tional lens model of A2219. The cluster is constructed from
the superposition of a spherical and elliptical part. The po-
sitions of the individual galaxies are shown in Figures 2 and
5.
Table 4: Comparison of cluster parameters from the bary-
onic tracers and from the lensing models. The \scale" gives
the spatial range over which the measurements apply.
